We report on the frequency locking of a frequency doubled Nd:YAG laser to a 45 000 finesse, 87-cm-long, Fabry-Perot cavity using a modified form of the PoundDrever-Hall technique. Necessary signals, such as light phase modulation and frequency correction feedback, are fed direcly to the infrared pump laser. This is sufficient to achieve a stable locking of the 532 nm visible beam to the cavity, also showing that the doubling process does not degrade laser performances.
Introduction
The use of high finesse Fabry-Perot (FP) cavities has become widespread in the last decade, especially due to the availability of very high reflectivity mirrors. FP resonators play a crucial role in several physical fields, such as QED and vacuum structure measurements with optical techniques 1 , gravitational wave detection with interferometers 2 and resonant bars 3 , and metrology. Their use for H 0 stripping in high intensity proton drivers with H − injection has recently been suggested 4 . The resonant operating condition of these devices is achieved by frequency locking a laser to one of the fundamental modes of the cavity. The Pound-Drever-Hall technique 5 is the most common method used to accomplish such a locking: the cavity instantaneous frequency is sensed by putting frequency-modulation (FM) sidebands on the cavity input beam, and a correction signal is then extracted and applied to change accordingly the laser frequency. Tuneable lasers have proved to be the best suited to implement such a scheme, and the Non Planar Ring Oscillator (NPRO) solid state diode-pumped Nd:YAG laser is probably the most common type of laser used in such applications. This device allows for two different types of modulation: a "slow" one (bandwidth ∼ 1 Hz, dynamic range of several GHz), and a "fast" one (bandwidth ∼ 100 kHz, dynamic range ∼ 200 MHz). Our group has developed an original locking scheme, in which FM sidebands at frequencies > 500 kHz are generated using the laser itself, and the method was succesfully applied to a Nd:YAG laser emitting at 1064 nm 6 . In several applications, such as PVLAS type 1 measurements and H − double stripping 4 , there is an added bonus when operating at shorter wavelengths.
The frequency doubled version of the above mentioned laser has become available only recently. In this device the infrared (IR) beam exiting the Nd:YAG crystal is fed onto a doubling crystal, where, under specific conditions, a second beam is generated at twice the original frequency. The output beam is a green radiation (λ = 532 nm), having spectral characteristics which closely match those of the IR pump beam. In this paper we will show that it is possible to achieve frequency locking of the doubled beam with the same good results already obtained with the IR beam output by a Nd:YAG laser. In particular, we show that it is possible to generate the FM sidebands on the green output without using an external phase modulator.
Method
The frequency doubled NPRO laser 7 is a tuneable laser emitting at 532 nm. The As shown by Cantatore et al. 6 , phase modulation is equivalent to frequency modulation. This allows for the possibility of using the laser itself as the optical phase modulator. The phase ϕ of a phase-modulated beam can be written as:
where ω 0 is the laser angular frequency, Ω m is the angular frequency of modulation and β is the modulation index. In our setup we are using the piezoelectric actuator on the laser head for simultaneous frequency correction and phase modulation.
3 Apparatus V p applied to the laser PZT. In addition, we have also found that the ratio RAM/β results to be constant as a function of V p . In the region around 660 kHz the RAM has a minimum value, with a ratio RAM/β of the order ∼ 1 × 10 −4 . This value is about three times larger than the value found 6 using the infrared output of an NPRO laser (Lightwave model 124). The difference can probably be explained by the second harmonic generation process. In order to achieve the deepest modulation with minimum RAM, the working frequency has been chosen at Ω m /2π = 660 kHz.
Results
The green laser output was successfully locked to the FP cavity. A cavity transmission of 7 % was obtained and the measured finesse was 45 000. The frequency locking was stable for durations up to several hours. Figure 4 shows the spectral density of the difference between the laser frequency and the instantaneous resonance frequency of the cavity. This spectral density has an overall minimum value of ∼1 mHz/ √ Hz, while it stays below 10 mHz/ √ Hz in the region 1-200 Hz (excluding peaks due to the 50 Hz mains frequency and its harmonics). This result is comparable again to the one obtained using the IR output of the NPRO laser. The estimated value of the frequency shift due to RAM is ∼ 0.1 Hz. Finally, table 2 below summarizes a few relevant characteristics and measured performances of the system.
Conclusions
It has been shown that it is possible to lock the green output of a doubled IR NPRO laser to a resonant, high-finesse, Fabry Perot cavity, using an originally modified form of the Pound-Drever-Hall technique. In particular, phase modulation of the beam was achieved using the piezoelectric transducer acting on the infrared pump laser crystal. This allows for a simple locking scheme involving a previously unavailable wavelength (532 nm in this case), which is now in the visible domain. 
